Parvovirus H-1 has been shown to suppress spontaneous and chemically or virally induced tumorigenesis in hamsters. In human cell culture systems propagation of H-1 is restricted to transformed cells, which are killed by H-1 infection, in contrast to normal diploid cells, which are nonpermissive for H-1. By analyzing the permissiveness of a variety of human cells for H-1, it was determined that the majority of tested transformed or immortalized cells which were permissive for H-1 contained the DNA of oncogenic viruses (human papillomavirus, simian virus 40, adenovirus, hepatitis B virus, Epstein-Barr virus, and human T-cell lymphotropic virus type I). Of six transformed cell lines negative for persisting tumor virus DNA, only two were permissive for H-1, while two were semipermissive and two were nonpermissive. Thus, persistence and expression of tumor virus functions appear to promote full permissiveness for I--1 in human cells. However, neither expression of genes of specific viral genomes nor the transformed state of apparently virus-free cells alone was sufficient to render human cells permissive for H-I. Therefore, the effect of tumor virus functions on H-1 in transformed cells seems to be indirect, probably mediated by cellular factors which are induced or switched off during the transformation process. It appears that similar factors are induced or switched off by 5-azacytidine or calcium phosphate, both known inducers of cellular gene expression.
Parvovirus H-1 has been shown to suppress spontaneous and chemically or virally induced tumorigenesis in hamsters. In human cell culture systems propagation of H-1 is restricted to transformed cells, which are killed by H-1 infection, in contrast to normal diploid cells, which are nonpermissive for H-1. By analyzing the permissiveness of a variety of human cells for H-1, it was determined that the majority of tested transformed or immortalized cells which were permissive for H-1 contained the DNA of oncogenic viruses (human papillomavirus, simian virus 40, adenovirus, hepatitis B virus, Epstein-Barr virus, and human T-cell lymphotropic virus type I). Of six transformed cell lines negative for persisting tumor virus DNA, only two were permissive for H-1, while two were semipermissive and two were nonpermissive. Thus, persistence and expression of tumor virus functions appear to promote full permissiveness for I--1 in human cells. However, neither expression of genes of specific viral genomes nor the transformed state of apparently virus-free cells alone was sufficient to render human cells permissive for H-I. Therefore, the effect of tumor virus functions on H-1 in transformed cells seems to be indirect, probably mediated by cellular factors which are induced or switched off during the transformation process. It appears that similar factors are induced or switched off by 5-azacytidine or calcium phosphate, both known inducers of cellular gene expression.
Mammalian parvoviruses are divided into two groups, the autonomous parvoviruses and the dependoviruses (adenoassociated viruses). There is recent evidence that suggests that this taxonomy does not reflect the properties of parvovirus replication. Under certain conditions dependoviruses have been shown to replicate without helper viruses (23, 24, 31, 32) , whereas the autonomous parvoviruses H-1 and minute virus of mice could be induced in nonpermissive human cells by transformation with simian virus 40 (4, 6) .
Parvovirus H-1 is a small DNA virus which replicates in the nucleus of infected cells and apparently depends on host cell functions for its own replication (18) . It contains a linear single-stranded 5.17-kilobase (kb) genome with two overlapping transcription units and two promoters at map positions 4 and 38 (20) . The early promoter, P4, regulates the expression of the two noncapsid proteins, NS1 and NS2; the late promoter, P38, regulates the expression of the two capsid proteins, VP1 and VP2.
Parvovirus H-1 is capable of efficiently suppressing spontaneous and chemically or virally induced carcinogenesis in hamsters in vivo: the incidence of spontaneous tumors is reduced from 5 to 0.23% (27) , of adenovirus type 12-induced solid tumors from 67 to 28% (29) , and of 7,12-dimethylbenz(a)anthracene-induced tumors from 95 to 38% (30) by prior infection with H-1.
The mechanism of tumor suppression by parvoviruses is not understood. A possible insight into this mechanism is that transformed rodent and human cells in vitro show an enhanced susceptibility to parvovirus-induced cell killing (5). This implies that H-1 virus proliferates not in normal but in transformed human cells (28) , which are subsequently killed during parvovirus replication (4) . The killing appears to be mediated by expression of the parvovirus noncapsid proteins NS1 and NS2 in H-1-permissive cells (19) . Since the expression of these proteins is regulated by the H-1 early * Corresponding author.
promoter, cells not able to support the comnplete replicative cycle of H-1 may be killed after H-1 infection.
Here we ask whether the transformation event renders human cells permissive for H-1. Spontaneous and chemically induced transformation of human cells increases the susceptibility to H-1-induced cell killing but is not sufficient for permissiveness. We provide evidence that a helper function for the replicative cycle of the autonomous parvovirus H-1 in transformed cells is mediated by a common cellular mechanism, which may be supported by specific types of papillomaviruses, adenoviruses, hepatitis B virus, Epstein-Barr virus, and retroviruses persisting in the same cells.
Permissive human cells seem to express cellular H-1 activating factor(s), which are induced by oncogenic viruses in the course of the transformation event. It appears that at least some of these factors are also induced by 5-azacytidine and calcium phosphate, both known to induce cellular genes (11, 16 (9) were cultivated in FAD medium (9) . The Burkitt's lymphoma cell lines BJA-B (15), BL2, and BL72, the adult T-cell leukemia cell lines MT-1, MT-4, Jurkat, and Molt-4, the EBV (B95-8)-immortalized human B-lymphocyte cell lines LCL-Gi (H. zur Hausen, unpublished data) and LCL-IARC 277 were cultivated in RMPI 1640 medium.
All media were supplemented with 10% heat-inactivated (56°C, 30 min) fetal calf serum (Boehringer), penicillin (100 U/ml; Boehringer), streptomycin (100 ,ug/ml; Boehringer), and L-glutamine (1 mM; Boehringer). All cell lines were cultivated in a water-saturated CO2 atmosphere (5%) at 370C.
Wild (Table 2) .
In view of the fact that human cells are semipermissive for SV40, simultaneous infection of spontaneously immortalized simian CV-1 and Vero cells was also performed since these cells are nonpermissive for H-1 but highly susceptible for SV40 production. Even under these conditions infectious H-1 particles were not produced. SV40-transformed simian Cos cells, however, were permissive for H-1, implying that neither SV40 early not late gene expression is sufficient to allow permissiveness for H-1 but that additional factors linked to the virus-induced transformation/immortalization event are required.
In order to test whether 5-azacytidine, a known inducer of demethylation (11), could induce permissiveness, nonpermissive HEF cells were pretreated for 24 h with 2 ,uM 5-azacytidine. 5-Azacytidine stimulated parvovirus DNA amplification and RNA synthesis. In nontreated HEFs only 4.1-and 1.3-kb transcripts could be detected; treated cells showed additional 2.5-and 3.5-kb transcripts (see Fig. 3 ).
It is difficult to assign the transcripts found in our experiments to specific genes since only limited and conflicting information about the correspondence of H-1 transcripts and H-1 genes has been reported. Most data on H-1 transcripts resulted from Si nuclease mapping, yielding transcript sizes in rat cells of 4.7, 3.0, 2.8, 1.45, and 1.3 kb (10) or 4.8, 3.2, and 2.9 kb (13) .
In spite of the induction of parvovirus RNA synthesis, no production of infectious particles was detected in 5-azacytidine-treated cells (Table 2 ). In contrast, treatment of permissive cell lines such as HeLa, CGL3, and 444 with 5-azacytidine resulted in a decrease of H-1 DNA amplification, H-1 RNA expression, and the yield of infectious particles.
It has also been reported that calcium phosphate precipitates transform rodent cells (12) and activate certain cellular genes (16) . Treatment of the nonpermissive HEF cells with CaPO4 precipitates without DNA and subsequent infection with H-1 virus resulted in activation of parvovirus DNA amplification (Fig. 2) and RNA synthesis (Fig. 3) . Similar to the treatment with 5-azacytidine, additional 2.5-and 3.5-kb transcripts were induced by CaPO4 treatment. The H-1 titer of these infected cells measured 4 days p.i. was still below the level of input virus, but six to eight times higher than in untreated cells ( In order to analyze whether increased concentration of free intracellular calcium was responsible for the induction of parvovirus RNA expression, the calcium ionophore A23187 was applied to HEF cells 24 h prior to infection. A23187 increases the concentrations of intracellular calcium and was applied in concentrations reported to have biological effects in fibroblasts (8, 17) . A23187 had no effect at concentrations between 0.5 and 50 ,uM on parvovirus RNA expression, and there was no increase in the production of infectious particles. duced tumors compared with uninfected animals (27, 29, 30 (15) . It is possible that these cell lines could contain viruses as yet unidentified.
In nonpermissive primary human fibroblasts, which express only a parvovirus 4.1-kb transcript, additional 2.5-and 3.5-kb transcripts were induced by treatment with 5-azacytidine or calcium phosphate. Both substances have been shown to induce cellular genes (11, 16) . This suggests, that permissiveness is regulated by cellular genes not expressed in normal human cells. Since only parvovirus DNA replication and gene expression, but not production of infectious particles, were induced by these substances, additional cellular factors appear to be involved in the complete replicative cycle of H-1.
Hybrids between the permissive HPV-18 DNA-containing cervical carcinoma cell line HeLa and nonpermissive normal human fibroblasts (444 cells) (26) also contained HPV DNA but lost the malignant phenotype. Tumorigenic HeLa, nontumorigenic 444, and tumorigenic CGL3 cells (26) , which are malignant revertants of 444, were all permissive for H-1. This seems to emphasize that full permissiveness is linked to virus-induced transformation rather than to the tumorigenic phenotype.
The HPV-18 E6 and E7 open reading frames seem to be under the control of negative regulatory factor(s) acting at the viral 5' regulatory region (22) . One of the enhancer sequences of this region, the ACC(N6)GGT motif, is also present in the 3' hairpin of the H-1 genome as a head-to-head dimer. Nearby, four additional ACC(N4)GGT motifs are found. Another ACC(N6)GGT motif is found in the regulatory region of the open reading frame coding for the H-1 capsid proteins. Whether these structural similarities are involved in the permissiveness of HeLa cells for H-1 remains to be determined. Indeed there seems to be an interaction at the level of transcriptional control, since in H-1-infected HeLa cells HPV-18 expression is readily inhibited (J. R. Schlehofer, S. Faisst, and H. zur Hausen, manuscript in preparation). This might result from competitive interactions involving the regulatory regions of the genomes.
The data presented here suggest that the tumor-suppressive properties of H-1 infection might result from H-1-induced CPEs in transformed cells. On the basis of the results presented here it is anticipated that the antitumorigenic effect of H-1 should be more pronounced in virustransformed cells than in other tumor cells since in addition to the CPEs, progeny virus could be provided to infect adjacent cells.
The characterization of the interaction of H-1 with the expression of tumor virus functions, apparently required to maintain the tumorigenic phenotype, may further contribute to the understanding of tumor suppression by parvoviruses.
